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Gamma-ray emission from galaxies ICRR ..,

University of Tokyo

AGNs with relativistic jet

Inverse-Compton scattering
by electrons in the jets

Radio
Blazar Galaxies

e T no relativistic jet
on power FSRA (Seyferts, starbrust, galaxies)

small viewing angle mis-aligned
-> relativistic beaming blazar ?

14/10/02 Masaaki Hayashida (ICRR) 2



ICRR

extra-galactic y-ray sources
with relativistic jet | no bright jet
blazar (761) radio galaxies (2FGL)
~<Seyfert galaxies
(3+1)
@urst (4D
radio loud radio quiet
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no bright jet
(2FGL)

Seyfert| galaxies
(3+1)

starburst (4D

radio loud radio quiet
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- I
starburst galaxies Cqm
emission origins in " M82
40 - B = 150 uG A

the HE (>100 MeV)
y-ray band are

* Bremsstrahlung
* inverse-Compton

* Pionic (°-=>vy)
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T , : : I
nucleus activity in radio-quiet galaxies quqzﬁ Lo

“radio quiet” does not mean ‘radio silent’!!

“jet” (non-relativistic) in Seyfert

240-pc jet in NGC 4151(Sy1.5) is two-sided
and highly collimated
(diameter < 1.4 pc, v < 0.03c at 0.1-10pc scale)

extended “lobe” (a few-10 kpc)

Fermi bubble in our Galaxy!
(BAR. AR RSA)
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. . . T
hadronic process In the disk LCRKL.

p-p interactions in the innermost parts of the accretion disk
if L<10°Lgyq(BAH. RS A ?)

"~ Credit: NASA/CXC/M.Weiss

% %";9 -% .NDN—SPINNING BLACK HOLE . | SPINNING BLACK HC‘;LE
& | “ ZEE
- 1 Firstidea was discussed for
..9 Q : .
5 /\ i Galactic black hole systems
o 9/\// 1 (Mahadeven et al.1997:
= / \\1 Oka & Manmoto 2003),
v

10-810~10"*1030.01 0.1 l-:1(k \:)o 7001000 10° 105 10° 107 and then, applled to AGN by
Niedzwiecki+13 ApJ



S O u rc e s a m I e s Institute for Cosmic Ray Rescarch
University of Tokyo

(Fermi-LAT 2012 ApJ, 755)

* IR galaxies: 64 low-redshift (z < 0.06) galaxies
based on HCN Survey (Gao & Solomon 2004)

(star-formation activity evidenced by dense molecular gas )

+ 5 local galaxies
(Fermi-LAT 2012 ApJ, 747, CA:MH)

o | of - olegLg
- Radio-quiet Seyfert galaxies: o  biasaradio.0SO]
120 sources based on gsof [ |
Swift-BAT 58 month catalog 2 | | 104
o . :
hard X-ray radio loudness parameterz |
) € 10l
R — vE))14cHz g
14—195keV 107 10® 10° 10*4 103 10-2810-1

R rxX

14/10/02 Masaaki Hayashida (ICRR)



Analysis results
Data: 3-years Fermi-LAT data above 100 MeV

7 LAT detections:
SMC, LMC, M31,
M82, NGC 253,

NGC 4945, NGC 1068

( 2 TeV detections:
M82, NGC 253)

* No detection in
radio-quiet Seyferts
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" M82

o M82 (VERITAS)

Y NGC 4945

® NGC 253

o NGC 253 (H.E.S.S.)
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Local Group 3
Milky Way Global Model
* M31 ]
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ESO 323-G077, NGC 6814



s (Jy)

- - ICRR.
Global Emissions s e sk
University of Tokyo

Radio and Far-IR SED for M82 Empirical Radio
I T Far-IR Correlation
B LA A UL LI LA LI LI LAALILEL N LLLARS I LI L N B P B B
1000 Reviewed by e.g. Condon (1992) . <O 7
Thermal Dust <4 N
= 23
! N
10 : E -
Synchrotron B <2
o}
'E Thermal NN ,, 3 5’ <1
- Bremsstrahlung '\\ ;T T
04 Ll vl Lol Ny il 4 20
0.01 0.1 1 10 100 1000 10* i |
v (e 19 + % (a)
SFR(M(_. yl‘_l) =1.7x IO_IOLS_IOOOMm(L@). ) I: | [YPnI elt (:JII(ZIOIO1)
(Kennicutt 1998) 7 8 9 10 11 12 13
SFR(Mo yr )= (5.9+1.8) x 10 Ly agnz,(WHz ). Leoum(Lo)

(Yun et al. 2001)
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Luminosity Scaling Relations ICRR, ..

Ackermann et al. 2012, ApJ, 755, 164

SFR(M ¢, yr ') = 1.7 x 107"°Lg_1000,m(Lc)- SFR (M yr™)
(Kennicutt 1998) 102 10" 1 10 10> 10°
I TTTITI I IIIIIIII I lIIIlIII T Illlllll I IIIIIII| I I||||||||
_ 43 o LAT Non-detected (Upper Limit) o 0O ©
Gamma ray VS. IR 10 O LAT Non-detected with AGN (Upper Limit) ‘C 09
Luminosity AT Detected 0 0 ot
10%2 = LAT Detected with AGN ® o A
Power law slope = 1.17 + 0.07 — Besti 2o &
. - [ Fit Uncertainty o O oNGC 14t
Sqrt(variance) = 0.24 1L [ oispereon o B
= = « Calorimetric Limit o 550 &fﬂ‘ ‘

Upper limits included in fit (B, n=10"erg)

Correlation significance accounting

-1
Lo 1-100 gev (€T S7)
—

(@]

S
(o]

for selection effects and distance 10%
uncertainties
P < 0.005 10%°
(P < 0.02 excluding galaxies
hosting Swift -BAT AGN) 107" %

IIINIl I I[IIIII| I IIIIIIII I I[IIIII| I IIIIIIII I I[IIIII| I IIIIIIII I

IIII| 1| IlIIIII L1 IIIIIII | lIIllIIl 1 IlIlIlIl L1 LILll

10° 10° 10" 10" 10"
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Luminosity Scaling Relations (X%

Ackermann et al. 2012, ApJ, 755, 164

IC 342

SFR(M ¢, yr™!) = 1.7 x 107"%g_1000um(Lc). SFR (M_yr™)
(Kennicutt 1998) 102 10 1 10  10*  10°
[ IIIIIIII | IIIIIIII [ IIIIIII| [ IIIII[I| | III[III| [ IIIIIIII
Gamma'ray vs. IR 1_ o LAT Non-detected (Upper Limit)
. s 107'E o LAT Non-detected with AGN (Upper Limit)
LumanSIty - e LAT Detected
- - - . — = LAT Detected with AGN
Luminosity ratio is measure of S
gamma-ray yield per unit star- & 1072z EFit uncertainty .
. S — [__]Dispersion o
formatlon 9. [ = = - Calorimetric Limit o
o[ Gzt 000 082 %%
In “calorimetric limit”, inelastic > 107 & % o PILLE
collisions dominate CR energy Iosses\fﬁ\i ° 08 08 wcudo o o
.. o @ - Ap 220
(here, assume each SNR injects & TS\ e S
10°° erg of CR nuclei) £ 10" = V50 ,\-m;‘;‘é‘"é”(f

(most probably)
s = -5
gamma rays originate from CR 10
in (all) star-forming galaXies !! I 1 lllllll 1 llllllll 1 llllllll 1 llllllll l llllllll L1 L1
10°  10° 10" 10" 10"
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However, -
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quever,, (Hayashida+13, ApJ)

LAT upper limits (Seyferts)

z

o
—

LAT upper limits (Starburst galaxies)

g
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¢IIIIIIIIIIIIIIIII'!:|I
GC—1068

® vy M82
$ suc M31

+Milky Way

104! 1042 1043 1044 1048 1048 104
' Lig. 51000 um L€TE S7!]
. >
one exception!!
gamma-ray flux is higher than flux expected from Calorimetric limits

Ly: 0.1-100 GeV




. ICRR.
Institute for Cosmic Ray Rescarch
University of Tokyo

« (RA, Dec: J2000) = (14"13m09.95s, -65920'21.2") (southern source)
« Distance: 4.2 Mpc (Tully et al. 2009)

 Black hole mass (1.7+0.3)x10%M,,, (Greenhill et al. 2003),
also known as a starburst galaxy and Seyfert 2 type AGN.

» kpc-scale radio lobes, as well as jet-like structure
(e.g., M. Elmouttie et al. 1998)

Radio 1.41$5Hz (ATCA) Map
NN 7~ ¢ A

- T ¢S Radio Lobe
d >\ Radio plume
18 L | Hotspot
(]
19 T Starburst ring
1 |
g ] Core
20 () s
& I ]
= F 1 Bisymmetric radio
O ' ) ] spurs
‘g 21 y/ i
I ] Hotspot Starforming regions
22 = -
-6523 t ] Radio disk
@

o ' ; ' Figure 13. The proposed geometry for the radio continuum structures in Circinus. The figure is not to scale.
14"13™40° 30° 20° 10° 13™0° 50° 40°

14/10/02 RA (J2000) Masaaki Hayashida (ICRR) 15



: : IC
GeV y-ray TS map with a radio/IR map RR

] ] (Hayashida+13,ApJ)
4-year observation by Fermi-LAT

color: H-band (2MASS)
contour: 1.4 GHz (ATCA)

<117’
: :): SN Circinis is
g XM well located
g :: L RSE - (REPRN BN inside of
Shawtin) SRS AT 68 % CL
w A R  cgion.

50’ 14"13m40s 20¢ 13m0s 40¢
14"18m0° 16™0° 14™0° 12™0¢ 10™0s R.A. (J2000)
R.A. (J2000)

TS: 58 (~7 0), a single point-like source



Gamma-ray spectrum

ICRR,

Institute for Cosmic Ray Research
U sity of Tokyo

(Hayashida+13,ApJ)

* Simple power law, Index: 2.19+0.12
* Flux (> IOOMeV) (1 88+0. 58)x10 Sph cm? st

10-10 ¢

]

-2 g-1

10—11

E? dF /dE _[erg cm
o

0—13

14/10/02

i

i

Black: Clrcmus

Orange: NGC 253

Blue: M82

10
Energy [GeV]

Masaaki Hayashida (ICRR)

No indication
of curved
spectral shape

No significant
variability

17



- - . ]
Comparison in the y-ray and IR/radio CRR

(Hayashida+13,Apd)
I | | I I 3 IIIIII T 7T IIIIIII T 7T IIIIIII T T IIIIIII T 7T IIIIIII T T IIIIH:-
g (a) I LAT upper limits (Seyferts) 1 N (b) ; LAT upper limits (Seyferts) 3
3 0.1 E_LAT upper limits (Starburst galaxies) E g - LAT upper limits (Starburst galaxies) 1
S R - i v v v ;
I 001 F Wiw E 2 I ! qzw Mi %’W% v
. TE v WW%@W 7 E T 10tk v 'z |
& i W Yoy Y = 3 W R
~ - Vg § - AR % v
0.001 E Circintis A 1~ 1000 F rcinus A LR A
> r Galgxy % AR WW%P 7Y ] > - Galaxy “HIY w%@g
8 Frvvonnnnnnnnnrrnnnnnnnnnnnnnnnnnne M g $$ |||||| ¢ .................. - 8 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII %Illﬁl wiﬁ ||||| % ||||| &III? ||||||||||
S L NGC 253V @NGC 4%45‘ NGC-+068 4 o 100 F NGC 253 § \Z 3
= 0.0001 E 3 ;é P E o FSMe ® VW VNGC 4945 hd
‘l: ? . M¢31 M82 ] I - ¢ e M3 _+_ NGC-1068
? L PY Milky Way ] = 0k LMC Milky Way -
'q?\ 10-5 = LMC - & F E
L lll““' L Ill““l L III““l ! III“III L lll““' S 1 IIIIIIII 11 IIIIIII 1 IIIIIIII 1 IIIIIIII 11 IIIIIII L1 111l
104 104  10%  10% 10%  10%  10% 1o 10% 10% 10% 10% 10% 10
L erg s! -1
IR: 8-1000 um lerg | VL i 14chy LETE S7!]

 Circinus Galaxy shows higher Ly/L; and in Ly/L,,, ratios
* higher than the calorimetric limit (with 10% efficiency)

calorimetric limit when nE.,=10°° erg

14/10/02 Masaaki Hayashida (ICRR) 18



Origin of y ray emission? KR,

* relativistic jets”? -> no radio result shows a
pronounced nuclear jet activity

* Disk? (including hadronic process)
- our Seyfert study revealed such emission
should be less than a few % of X-ray luminosity
-> not sufficient to account for the excess

* Lobes? (see next slides)

Fermi data reveal giant gamma-ray bubbles

~
=)
o
=]
]
2
O
s w
[a]

4"13m40¢ 20¢ 13m0s 40¢
R.A. (J2000)




Hotspot

Radio images and flux

Bisymmetric radio
spurs

Hotspot

We extract radio fluxes from
each region in accordance
with Elmouttie et al. 1998

Definition of components:

<lobe> :SE: ellipse with r=70",55”
NW: circle r=44.6"
<core> : circle r=35"

lobes+plumes contribute
to ~10 % level of the
total radio flux

14/10/02 Masaaki Hayas{iATCA data provided by M. ElImouttie)



Broad-band SED ICRK...

Black circle: total fluxes of the galaxy

10-7 ;""'“1 bk B B LG LR DAL BRREL DL B LRk BLEEL B B B B Bk B B | ”"E em iSSion mOdel
i PRX '# All points are ] for the lobes + plumes
o ; ' A correcjced for th(? e B=5-10uG
— 107 ¢ Galactic absorption

1 » equipartition (u_/ugz=1)

w L ]
o 1 * seed photons
£ 10"k * - « CMB
+*+$_; * FIR-to-optical

&)
o
D, 1513 * UV-to-hard X-ray
u; - " lobes+plu

10715 Y-ray spectrum

vl SyI?C‘hI’IOtII’O‘n‘ i R R B S T B I eXpeCtEd from Y_IR

10° 108 107 10'210' 10'6 10%® 102° 1022 10% 10% relation in starbursts

H
Lobe can hardly acc\c/n[m%c]for the observed GeV emission

(unless very far from the equipartition)
14/10/02 Masaaki Ha\t!qoglcg)rlg’n ’s nOt CIear'J ygtJJJJ




CTA case for Circinus galaxy

50 hours observations

intrinsic spectrum

'?‘; 10" R i ] —e—— expected spectrum (CTA), 50.00h
:  [LAT data
= CALTCA
2 !
w1072 ] —
g 10 l
° =
Dl‘_u I - “-é—:— a8 1 & Y
T e a8 kS &5 a8
B I 8 41
10-13 — l -i-
- | [
= preliminary
10.14 R R AT R R
0.000.002 0.010.02 0.1 0.2 1 2 34 10 20 100

energy E(TeV)

Blue: simple power low
Red: x exp(—E/5TeV)
Green: x exp(—-E/0.5 TeV)

can clearly detect cut offs!

4"13m40° 20 13m0¢ 40s
R.A. (J2000)

can resolve
disk and lobe!!

ICRR

Institute for Cosmic Ray Rescarch

University of Tokyo
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GeV-TeV spectra in starbursts

ICRR,

Institute for Cosmic Ray Research
University of Tokyo

Currently,,,,

Gamma-ray spectra of M82 and NGC 253 are well described
by simple power laws given current statistical precision

14/10/02

E2dN/dE (10"%erg cm?2s™)

anbh
o

] lIIIIII

!

—h

T IIIIIII

—t
Q

10°

|

1 lllllll

Fermi-LAT

Paglione 1996
Domingo & Torres 2005

Repheali et al. 2009

11111 L L 1111111

1
]

NGC 253
H.E.S.S.

Collaboration

2012

10° 10"

Masaaki Hayashida (ICRR)
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CTA Science Opportunities LCRR, ...

Gamma-ray detections of

-11L _

NGC 253 with future _ | NGC253
differential sensitivity _»

curves overlaid £ 10" ]
defined as 20 detectionsin 2

bins of 1/3 decade in energy %’ ol Na 9
et Becrtol 5| g umayse :
o s H.E.S.S. 177 hrs (2012)

see also arXiv:1205.0832) L AT 26 Sensitivity, 10 yrs

10714 == CTA 2¢ Sensitivity, 177 hrs g
CTA 20 Sensitivity, 500 hrs ]
1072 1 10 10* 10°

Energy (GeV)

Example CTA Research Areas
« Are y-ray spectra of starbursts more complex than simple power laws?
« Highest energy CRs in starburst systems?
« Can the starburst / disk be separated with CTA imaging?

14/10/02 Masaaki Hayashida (ICRR) 24



CTA Science Opportunities (XK.

intrinsic spectrum, M82

—e— expected spectrum (CTA), 30.00h

Gamma-ray detections of o 10.95 differential sensitivity for config. |
NGC 253 with future _ & [
differential sensitivity ¢ %10'”5— BN e —
curves overlaid i Ej - | M82, CTA30 h
bins of 1/3 decade in energy [ - | f
(courtesy Stefan Funk, S S RN SO S
Keith Bechtol 3 LET N
see also arXiv:1205.0832) * i T hy |
10 k]
10 0.01 0.02 0.1 0.2 1 2 34 10 20 100

energy E(TeV)

Example CTA Research Areas
« Are y-ray spectra of starbursts more complex than simple power laws?
« Highest energy CRs in starburst systems?
« Can the starburst / disk be separated with CTA imaging?

14/10/02 Masaaki Hayashida (ICRR) 25



Cascade emission in galaxies < as...

Y .Inoue 2011, ApJ

T T llllll] T T Illlll] T T llllll] T llllll] T T Illlll| Tl ll IIIIIIII T T T rnrn] T T ITTIII[ T T rnrn[ T T IITIIII T T rrnn{ TI tr Ilrrnll T
5 otal — - B otal —
- M82 Intrinsic === T - NGC253 Intrinsic === |
i Absorbed - A - Absorbed —w— A
Cascade =~ _ I Cascade ==
- 10'6 — Fermi = — o 10'6 - Fermi —m— —
My - VERITAS e~ 1 .7 . HES.S. —— ]
g i {1 E .
Q - B 3]
> I 1 % 1
= 1 =2
<3 Ny 3]
S0’ E S 3 S w0'F o\ 7
= C 1 = . ]
o~ I 7 ﬁtu
S5 r R
PSR Y vl 8 . :
10 , 10 v
10" 10 10° 10* 10° 10° 10’ 10! 10% 10° 10* 10° 10° 10’
Energy [MeV] Energy [MeV]

HE gamma-ray (above 10 TeV) can not escape from galaxies
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E2dN,/dE, [10®GeVem 25 tsr ]

HE Astrophysical Neutrinos )

(IceCube coll.14, PRL: fIXBARB D RRETA)

. . | e®e Differential Spectrum (best-fit, charm component floats to zero)
3.5F-- e Differential Spectrum (fit with charm fixed at IC59 90% C.L.) a

- R J TR SRR ——. S
i H H
+ | (RN R IR W SO—
H \ -
. NI ISR IR SR — I—— S—
[ D (RO A DR A Sp—
o H 0 \
. L R DN RN D AN E—
1 L I el a M

0.0l i .
10° 10° 10’ 108
Neutrino Energy [GeV] 0

Galactic

TS=2log(L/LO) 11.3

37 events: flux: E2® ~ 108 GeV cm=2 s sr -
No significant clustering of the events

Candidate sources - starbursts ?
(extragalactic, many sources, Emax~10'5-17eV?)

(see also Murase+13 PRD, Chang & Wang 14 ApJ, Tamborra+14 JCAP)

14/10/02 Masaaki Hayashida (ICRR) 27




| | |
Neutrino emission
University of Tokyo

1

o1V Ey [erglemt/s]

10-11 i
10—12 i

10—13 i

test calc.
by Asano
(ICRR)

v~1.44 vy
(n0-dec)

[ d
10° 10'°

1

|
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contribution of SB galaxies (with Asano-san) ICRQ{E -

rsity of Tokyo

Observational results by Fermi :[1og(Lo 1100 Gev/Ls—1000 em) = —4.3

100GeV -1.2

[=2.2 =) | 1. (55ey) 4=-10"w => (0.1GeV)Ly,=1.34x105L

0.1GeV 0.1GeV

Infrared Luminosity Function (Gruppioni+13) (>0.01L%)

(L)' 1

[ Y= (LLR) cxp[ > (‘ ﬂ)]@ 1.9%1049 erg/s/Mpc3
) 0=1.00, 6=0.35, L*=10"17[_ _
E loiso,
8w z=0 (0.1GeV)L, ,/Mpc3=2.56x10" erg/s/Mpc?
L S
Converted to v : (PeV)Lpey PeV \*?(0.1GeV)Loy _ 4 4 34 R

Mpes  LAEX (O.lGeV) Mpc3 147 % 107" erg/s/Mpc

N .
y~9.14x10% ()  s7leV~! Mpc-
PeV P
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I CQ{K

contribution of SB galaxies (with Asano-san) .t

Um

*

d i ino | =
n,(e)=J(A+2)n,((1+ Z)gv)d_;dz " n(?):;[fr)lzo naex 2(0 1GeV)L
PeV ~ 1.44 x "ol

ein, (e Mpc? . Mpc3
&yly = C%TEV) (z<4) ~ 3.68 x 103> erg/s/Mpc3
& \ 20 :
n,: constant M, ~ 2.30 x 107 (P"V) s~ eV~1 Mpc™
g, ], =1.59x 10710 GeVsr~' cm™? s~! . , €
n, « (1+2)°3

n, < (1+2)3

e [ =110 x 10-° GeV sr-1 cm=2 51 ey, =3.34x107% GeVsr~' em™*s™!
viv '

n, « (1+2)°

g, I, =3.58%x 1078 GeVsrtecm 251

too low if (1+z)3
or very high evolution

IceCube:
E2D (@PeV) ~ 1028 GeV cm=2 s sr!
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contribution of SB galaxies (with Asano-san)

ICRR

Institute for Cosmic Ray Rescarch
University of Tokyo

*

) dt
ny (&) = f (1+2)n,((1+ Z)Ev)adz

812’ nv (EV)

yym (z<4)

eyl

n,: constant
g, ], =159 x 10710 GeVsr~! em™? s~!
n, < (1+2)3

eI, =1.10 X 107° GeVsr~! cm™2

-1

cm ~S

n, < (1+2)°

g, I, =3.58x1078GeVsrtecm 25!

too low if (1+z)3
or very high evolution

IceCube:

E2D (@PeV) ~ 1028 GeV cm=2 s sr!
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52 di/dE [MeV cm™? s sr ]

dE (GeV cm? s sr)
2,

I]%10‘

Mpc3

i, ~ 2.30 x 107 (

P

n, « (1+ z)3

if neutrino index =2
(PEV)LPeV -

(0 1GeV)L0 1
Mpc3

~ 3.68 x 103° erg/s/Mpc3

E
)

~2.0 f
Lev—1 Mpc™

g1, =334 x107%GeVsr ' cm™4s™!

—
<
w

|
w

1084

I
JL

<€

—&— Total EGB

—— |GRB

1 lIIlllIl

| Resolved sources, Ibl>20°

IGRB - Abdo et al. 2010

(Ackermann+14, ApJ)

”AW/%;‘ "01-0-\
jA it
S AR

/'I
|

1 IIIIIIll | llIIIIIl

E




S u m m a Institute for Cosmic Ray Research
University of Tokyo

Starbursts have been established as y-ray source among
radio-quiet galaxies
— globally: I'~2.2, following Ly vs. Lz (vs. L,,4,) correlation

The origin of y-ray emission is likely to originate from
cosmic rays interacting with ISM

One expectation: Circinus galaxy
— shows higher y-ray luminosity than expected from CR origin
— but, the emission origin is not clear, yet

CTA helps to understand the y-ray origin and cosmic-ray
properties

— detailed y-ray spectral shape (cut off?)

— Highest energy CRs in starburst systems?

— PeV neutrino origin???



